Introduction
The impacts of climate change on phytoplankton are expected to be diverse (Winder and Sommer, 2012) . Amongst the consequences of an increase in sea surface temperature, we may observe a change in phytoplankton populations and their phenology through a temporal shift in the establishment of stratification, with the onset of the first blooms occurring earlier in the year (Sharples et al., 2013) . The overall impact of an increase in temperature is nevertheless difficult to model, as the growth of the phytoplankton biomass results from an equilibrium between cell multiplication and grazing by herbivores (Behrenfeld and Boss, 2014) . How grazers and prey will evolve in the future is therefore an open question. The first significant blooms of the year are mainly due to a temporal imbalance between increased growth within nutrient-rich waters and growing populations of grazers at the time at which both the mixed layer depth decreases and sun light increases. These blooms are generally well observed by satellite sensors as they occur on sunny days and in surface waters, light being limiting. The initiation time, the duration and the amplitude of the blooms are major ecological indicators of the marine environment, which can be derived at regional scale from remote-sensing data (Platt and Sathyendranath, 2008) . The light available for phytoplankton development is the solar irradiance at the sea surface, which is attenuated during its path through the water column. At the end of winter, light attenuation within the water column is governed by the concentration of mineral suspended particulate matter (SPM). Therefore a variation in the SPM concentration, owing to the action of storms (Fettweiss et al., 2012; Rivier et al., 2012) , has a direct effect on the phytoplankton growth.
Although it is not yet proven that the recent storminess observed in the North-Eastern Atlantic is directly induced by the global climate change, Wang et al. (2012) observed an increase in the frequency and lifespan of storms in Northern Europe since 1871. Amongst more dramatic aspects such as coastal damage and persistent flooding, the winter storms also affect the water clarity in coastal waters. It is this aspect that will be developed in this study. We will investigate the consequences of the exceptional run of storms observed in Western Europe from late 1998-2014, during which ocean colour sensors have been available on an operational basis. We will take advantage of the opportunity brought to us by this windy winter to investigate the effects of exceptional levels of turbidity in winter on the phytoplankton blooms.
The area under study concerns the continental shelf of the Celtic Sea, the English Channel and the Bay of Biscay (Fig. 1) . Garcia-Soto and Pingree (2009) describe the regional characteristics of the seasonal cycle of chlorophyll and its yearly variability along a ferry-line, including satellite observations, in the Bay of Biscay and the Western English Channel. In this study we focus on the timing of the spring blooms in relation to the water clarity, whose indicator will be the satellite-derived SPM content. The spring bloom is a critical event in the marine food chain, representing the first significant supply of phytoplankton following the winter. The timing of the bloom is therefore critical for the growth and survival of the diverse components of the marine ecosystem. The onset of the bloom is closely dependent on the stability of the surface layer and on the attenuation of the diffuse descending light, K PAR . For this reason, Capuzzo et al. (2013) partition the North-Sea in distinct ecohydrodynamical regions based upon their ability to stratify or not and also their clarity, through the attenuation coefficient of light, K PAR . Here, we will consider four stations related to different hydrodynamical and biological conditions considered as representative of the main situations encountered in the studied area, without being exhaustive.
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Fig. 1. The studied area and the locations of the four stations analysed
We will analyse the effect of the winter storms on the resuspension of suspended particulate matter using the model developed by Rivier et al (2012) . This very simple statistical model, based on satellite-derived SPM, gives a quantitative assessment of the relation between tide, waves and resuspension over the English Channel. In this model, the "wave" variable groups together their effect on the resuspension of sediment, through bottom shear stress, windgenerated turbulence and the settling of particles.
Despite the high variability in the hydrodynamical characteristics of our area we will only consider four sites in detail. From the west, moving eastward, these points are noted 1 to 4 on waves is high and where the first bloom occurs relatively late each year, often in April (Pingree, 1980 , Rees et al., 1999 . At this location we may consider that the first bloom occurs in relation to near surface stabilisation after transition to a positive net heat flux in spring, similarly to station L4 situated off Plymouth in the Western English Channel (Smyth et al., 2014 
prior to this bloom were described in detail by Gohin et al. (2003) . The third site is located in the middle of the Channel, where the tidal current is the major driver of resuspension (Bréhat Point 3 at 3 W, 49 N). The last site (1.3 E, 50.1 N) is located in the eastern part of the English Channel, near the French coast, where a shallow bathymetry permits an early initiation of the phytoplankton growth, as soon as the end of February. An overview of the chlorophyll-a cycle over the region, derived from satellite reflectance or observed in-situ by the Ifremer REPHY network of phytoplankton monitoring, is described in Gohin (2011) . Table 1 gives the main characteristics of the environment surrounding the four sites. 
Station and Location
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Data and Methods

Satellite data
Two sets of images will be considered in this study. The first one, which is our main data set providing non-algal SPM and Chlorophyll-a, is derived from Ocean Colour reflectance. The second one, Surface Solar Irradiance (SSI), is obtained from the bi-directional reflectance measured by geostationary satellites.
The Ocean Colour products
The chlorophyll-a is obtained from the Ifremer OC5 algorithm tuned for the coastal waters investigated in this study (Gohin et al., 2002; Gohin, 2011) .
The non-algal SPM is processed through the procedure described in Gohin et al (2005) and modified in Gohin (2011) . Although turbidity, with its strong relation to the backscattering properties, would be a well-adapted parameter to represent suspended particles, we have chosen to use SPM, which is a standard variable in hydro-sedimentary models. Satellite-derived SPM has also been used for assessing the output of different sediment models (Cayocca et al., 2014; Sykes and Barciela, 2012) . For adjusting the parameters of the statistical model linking SPM to waves and tides, daily raw 1.2 km 2 MODIS non-algal SPM fields are considered. These products cover the period from January 2008 to April 2014, corresponding to the availability of spatially homogeneous wave data sets at Ifremer.
A second set of products will also be considered for describing the variability observed on a longer period, from January 1998 to April 2014. This latter dataset is based on the dailyinterpolated L4 Ifremer SPM products, derived from SeaWiFS/MERIS/MODIS/VIIRS (Saulquin et al., 2011) . To build up these products we first consider daily fields of anomalies, the anomaly being defined as the deviation to the daily climatological mean of SPM. Then the anomalies are interpolated on our regular grid at a resolution of 1.2 km 2 by kriging (objective analysis). The final product is obtained by addition of the interpolated anomaly to the climatological mean of the day (our first-guess field). The interpolation makes use of up to eleven products for each
sensor (up to five days before and after the considered day). The main advantage of these interpolated products is the availability of daily observations at our four selected locations.
Finally a third product, that we will name the analysed L4, will also be considered in this study.
These new analysed non-algal SPM fields are obtained by the procedure described in Gohin et al. (2014) which uses daily simulated fields derived from the statistical model as a first-guess, from which are derived the anomalies, rather than the climatological mean as in the ordinary L4
field. The main interest of this new L4 analysis is to incorporate a priori information coming from the wave fields.
The semi-analytical model used to retrieve non-algal SPM from satellite reflectance is described in Gohin et al. (2005) and Gohin (2011) . The effect of the phytoplankton on the absorption and backscattering properties is approached through a preliminary estimation of the chlorophyll concentration by the OC5 algorithm (Gohin et al., 2002) . Non-algal SPM is estimated from radiance at 555 nm or 670 nm depending on the SPM level retrieved (4 gm -3 ). SeaWiFS, MERIS (MEGS8.1) and MODIS reflectances are the up to date products available after reprocessing by the agencies in 2012. Since 2012, MODIS products are the current L2 products available through subscription to the OceanColor NASA/GSFC Centre.
The Sea Surface Solar irradiance (SSI)
The SSI is the solar irradiance (in Watt m -2 ) reaching the Earth surface in the 0.3-4 μm band. The processing chain for deriving SSI from the data of MSG (METEOSAT Second Generation) satellites is fully described in the SSI Product Manual, available on the OSI SAF web server (EUMETSAT, 2006) . The different steps in the processing include the calibration of the satellite visible count into bi-directional reflectance, the conversion from the narrow band of the radiometer spectral filter to the broadband of the solar spectrum, the conversion from the broadband bi-directional reflectance to the Top of Atmosphere (TOA) albedo independent of the satellite viewing angles. Finally, the SSI is obtained as function of the TOA albedo, the atmospheric transmittance (out of cloud) and the surface albedo. The validation of the SSI products provided by the OSI SAF is described in Le Borgne et al. (2006) A C C E P T E D M A N U S C R I P T (Filipot and Ardhuin, 2012; Ardhuin et al., 2009 ). The model is forced by operational ECMWF wind analysis at a resolution of 1/4° or better, with a time step of 6 hours (3 hours since January 2013). We have considered the maximum H S observed during the day as the input of waves into the model
SPM model
The SPM model is derived using the procedure developed by Rivier et al. (2012) for the English
Channel. In their article, the authors proposed several formulations expressing SPM as a function of waves and tide. These formulations are all based on a multiplying effect of tide intensity and significant wave heights applied to a seasonal component, which can be the average SPM, the inverse of the Chlorophyll-a or the Sea Surface Temperature. The seasonal effect takes into account the stratification of the surface water as well as the biological state of the medium more or less favourable to aggregation by TEPs (Transparent Exopolymer Particles), owing to phytoplankton activity (Klein et al., 2011) , and therefore to settling velocities. In this study, as the original idea is not to describe the mechanisms underlying the seasonal effect, we use the average SPM of the day j SPM as the seasonal component. As in Rivier et al. (2012) , The model is:
where j is the considered day (1)
T j is the tidal intensity derived from the tidal coefficient of SHOM (Service Hydrographique et
Océanographique de la Marine), which corresponds to the tidal range in Brest (Brittany, France).
The SHOM coefficients are integrated over three days: j-2, j-1, j, with an equal weight of 1/3.
H ST is a time-integrated significant wave height taking into account retention of the wave effect.
H ST is calculated by integrating the daily maximum significant wave height H S over n days Equation (2) gives our weighting coefficients, as in Rivier et al. (2012) .
In Rivier et al., the number n of days for integration was fixed to 25; this value was adapted to the English Channel but, here, we will consider also a shorter period for integration as the effect of the waves on the continental shelf of the Bay of Biscay, directly facing the Atlantic storms, is expected to be shorter. 10 or 25 days will be chosen following the determination coefficient of the adjusted parameters of the model on a pixel-by-pixel basis.
Results and discussion
Average conditions in waves, SPM and chlorophyll-a
The wave field appears to be very variable temporally and spatially within the area, the highest H S being observed in the deeper and more exposed waters of the Celtic Sea and the Bay of Biscay. (Fig. 2a) and July (Fig. 2c) reflects the strong seasonal variability. algorithm applied to MODIS data from March to May (2003 May ( -2013 . It has to be noticed that there exists a strong annual variability around the averaged Chlorophyll-a fields shown on Fig. 4 for the Bay of Biscay in late winter (March). At this season, some strong blooms may occur in the stratified waters of the river plumes at different locations from one year to another (Gohin et al., 2003) . Conversely to the Bay of Biscay, the English Channel environment appears to be more driven by the bathymetry and the tide, leading to basic features constant through the years (Ménésguen and Gohin, 2006) . High concentration in chlorophyll-a are observed in the Eastern English Channel in the average images of March to May (Fig. 4a-b) where is located our station 4.
The parameters of the statistical model
The parameters of the model (1) have been estimated for every pixel. After log-transformation of SPM this multiplicative model results in a linear regression whose parameters and coefficient of determination have been classically estimated, as in Rivier et al. (2012) . In complement to the simplicity of the transformed model, the logarithmic transformation is particularly adapted to observation errors following a lognormal law, with a strong dissymmetry around the mean. Some high values of non-algal SPM observed in winter near the coast after kriging (L4 products) have relatively less weight after log-transformation in the minimisation procedure used for retrieving the parameters of the model. For preventing any contamination of the SPM by coccoliths (Morozov et al., 2013; Shutler, 2013) data from April to July have been excluded from our data set. Fig. 5a and 5b show the determination coefficient of the model for two integration times applied to waves, 10 or 25 days. As expected, the determination coefficients are better for the 10-day model along the shores of the Bay of Biscay whereas there is no clear difference in the determination coefficient of the two integration periods in the English Channel. Fig. 5c and 5d show the coefficient estimated for Tide and H S respectively. The coast of the Cornish peninsula appears to be particularly sensitive to waves, as both the power coefficient applied to H S and the levels of H S are high within this area. SPM product of the same day (Fig. 6e) but with smoother and less extreme values as commonly observed for model outputs. Fig. 6f shows the new analysed L4, an intermediary product between the smooth model output and the traditional interpolated L4. Winter 2008 appears different from other years, with late storms occurring until the end of March, clearly delaying the initiation of the blooms at our stations. Increased SPM content in the surface waters (Fig. 9) , lower surface solar irradiance (Fig. 13 ) and higher turbulence hampered the initiation of early stratification during storms, delaying the onset of the blooms to April 
March 2014
Celtic Sea station: The blooms generally occur in April, however when the SPM content is too high or solar irradiance is too low, they may be delayed to the beginning of May (as in 2008) .
Southern Brittany station:
The continental shelf of the Bay of Biscay is heavily influenced by the river discharge from the Loire and Gironde rivers, where there are early blooms (Labry et al., 2001 ) within the river plumes, from the start of February but not always observed from space.
The largest winter blooms, highly visible from space, occur mid-March, depending on the solar flux at the surface of the sea. When all the necessary conditions are gathered (low SPM concentration, high solar irradiance during four of five days in a row), the strongest blooms (intensity, area) are observed after rainy winters, like 2000, 2013 and 2014 in our 1998-2014 period. Fig. 5d shows that there is a large area in Southern Brittany where SPM is poorly related to waves (low coefficients  applied to waves, in dark blue on Fig. 5d ). The initiation of the blooms can begin in this area five or six days after a storm when the solar irradiance is sufficient, as in 2014.
Northern Brittany Station:
In these well-mixed waters, strong blooms with high chlorophyll levels never occur, whatever the meteorological conditions.
Coastal Eastern Channel Station:
As observed on Fig. 3a , there is very early development of the blooms in these shallow waters. From as soon as February, phytoplankton develops at an exponential rate. Fed by a regular import of fresh waters and nutrients from the river Seine and other coastal rivers converging into a current named "fleuve côtier" (Hoch and Garreau, 1998; Brylinski et al., 1996) , the blooms develop as a function of the light, sometimes over a long period, usually several weeks when these conditions occur in February and March. This area is sensitive to storms, through their impact on water clarity and on solar irradiance at the sea surface.
In the eastern English Channel, the relationship between waves and turbidity is more complex than in the Celtic Sea or off Southern Brittany and it is not observed in the determination coefficient map of our statistical model shown on 
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Conversely to the Bay of Biscay, the storms have a greater impact on the starting of the bloom in the English Channel. In these waters, the tidal currents contribute significantly, in synergy with storms, in the stirring of the water column. The effect of advection of SPM (not directly taken into account by our simple statistical model) is also more important, with an overall eastwards flux through the English Channel.
The overall comments that we made from the time series of observations at our four sites have been extended to areas that could be defined more objectively from the time series of the daily interpolated L4 images of chlorophyll-a. Maps of bloom timing and magnitude, together with trends, have been proposed by Land et al. (2014) for the Northern Atlantic. An area of reduced magnitude of first blooms is observed in the eastern Atlantic provinces located from 37 to 50°N
and 15 to 40°W, west of the North-East Atlantic shelves provinces of our study area.
Vantrepotte and Mélin (2009) assessed also a negative trend in Chlorophyll concentration in these provinces during the 1997-2008 period. Indicators such as the timing and the magnitude of the blooms (Platt and Sathyendranath, 2008) , are statistically superior if carried out in well delineated provinces. Without discussing in detail the characterisation of our four stations, we may point out the Southern Brittany station which was certainly less characteristic of its province; which we can define as the distal plumes of the Loire and Gironde rivers (Gohin et al., 2003) . The hydrological conditions at this place, favourable to the onset of late winter blooms are subtle, as the inner part of the river plumes is too turbid for the early initiation of significant blooms, contrary to the distal part (Gohin et al., 2003) . That is also the reason why the Chlorophyll curve of the southern Brittany site, shown on 
Conclusions
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The results indicate that the high level in satellite-derived SPM observed in 2013-2014, in full consistency with waves heights, had no effect on the Celtic Sea bloom (occurring later in April) and at our Northern Brittany station. A delay and a lower growth pace were observed at our Channel stimulated our interest for generating satellite-derived SPM products in spring.
Putting waves in the processing of marine reflectance allows us to improve the use of ocean colour data in phase with progress in operational coastal oceanography. Considering the processing of marine reflectance, we know that wave-generated turbulence can break up aggregations of cohesive sediments, flocs, into smaller elements (Safak et al., 2013) . Within a shelf sea region this wave-generated turbulence can cause floc breakdown and turbulence-limited floc size (Hill et al., 2001; Braithwaite et al., 2012) . As floc size influences the scattering of light by particles, this is a key concern within remote sensing of marine particulates, due to the direct link between particle scattering and reflectance as viewed by a satellite (Neukermans et al., 2012a; Bowers et al., 2009) This new approach making use of wave heights and tidal intensity (spring-neap cycle) for analysing the underlying forces responsible for surface SPM, could have a natural extension in introducing the semi-diurnal tidal cycle. To this purpose, SEVIRI aboard the geostationary satellite MSG/EUMETSAT, could provide complementary information at a better temporal resolution (Neukermans et al., 2012b) .
The second issue approached by this study concerns the surveillance of our coastal environment at short and long term. Based on four stations, we have been able to investigate a 17-year time period, starting with SeaWiFS data in 1998 and completed with merged products of MODIS, MERIS and VIIRS until April 2014. This study highlights the need to include the temporal variability of coupled SPM/chlorophyll for delineating ecological sub-provinces on the Northeast Atlantic shelf. Therefore, we could consider delineation based firstly on the winter/spring characteristics and secondly, on the river plumes extension in summer, particularly for addressing the risk of eutrophication in the Bay of Biscay. This task could be achieved by using remote-sensing data and in-situ measurements from conventional coastal networks. Both types of
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The identification of homogeneous sub-provinces, or water bodies, would help monitoring these regional seas, particularly in the frame of the European Marine Strategy Directive, but also in the context of climate change. However it is difficult at this stage to know from climate change projections if the windy period would extend to spring in the future.
The different analysed SPM products proposed in this study can be considered as prototypes aiming at improving the combined analysis of several parameters provided by modelling or observing centres, like those included in the MyOcean/Copernicus European project (http://www.myocean.eu).
We can also consider the use of these products in a more holistic approach and think of them at an upper level. They not only bring information on the variability of the phytoplankton environment but also on the impact of the waves on the seabed. The benthic community in fact probably being impacted more than phytoplankton by the run of storms during the winter 2013-2014.
